The thallium-heavy noble gas potentials and absorption oscillator strengths as a function of internuclear separation have been recalculated using a somewhat modified Baylis' model for the electronic interaction between the atoms. The calculated potentials associated with the 62PI/2, 6:PV2 and 72Sl/2 thallium states are compared to the potentials determined by Cheron et al. from the measurement of continuum emission intensities on the extreme wings of the TI resonance lines due to noble gas perturbers. The shift and broadening coefficients for the 3776 and 5350ä lines of thallium perturbed by noble gases have also been estimated from the present potentials. The agreement with the experiment is quite good. Moreover, the very strong emis sion TIXe band centered at approximately 6000, 4300 and 3650 a, as observed experimentally, can be predicted by the calculated potentials as well.
Introduction
Interatomic potentials are required for under standing various physical processes that occur when two atomic particles collide. These are, for example, excitation transfer, quenching of excited states, pressure broadening of spectral lines, depolarization, etc. These processes have been most widely in vestigated, both experimentally and theoretically, on the alkali-rare gas (RG) atom systems. Relatively little work has, however, been done on the Group III element-RG pairs. Most works of this kind con cerned thallium-RG systems. Cheron et al. [1] have reported on an analysis of the far wing emission intensities of the 5350 and 3776 A resonance lines of thallium perturbed by noble gases. From the observed spectra they have deduced the potential energy curves for all Tl-RG pairs with the thallium atom being in 62Pi/2, 62P3/2 and 72S1/2 electronic states. Potentials originating from higher excited states of TI have not yet been determined. Cheron et al. have also identified the two continuum bands centered at approximately 4300 and 6000 Ä that lie to the red of thallium atomic lines at 3776 and 5350 A. respectively. These bands were also observed * Work supported by the Polish Ministry of Science, Higher Education and Technology project MR.1.5. Reprint requests to Doz. Dr. habil. E. Czuchaj, Instytut Fizyki Teoretycznej i Astrofizyki. Uniwersytet Gdanski, Wita Stwosza 57, 80-952 Gdansk. Poland.
by Schlie et al. [2] for TIXe. Moreover, they observed a very strong emission band on the red side of the thallium 3519/29A line. This emission band is centered at approximately 3650 A. Cheron et al. [3] have also measured the shift and broadening coef ficients of the resonance lines of thallium perturbed by noble gases. Both the observed emission bands and the measured shift and broadening coefficients are related directly to the thallium-RG perturber interatomic potentials associated with the states between which the transitions occur. However, the potentils themselves are still little known.
So far the only Tl-RG potentials cited in the literature are those published by Cheron et al. [1] . One of us (E. C.) has published the theoretical potentials for Tl-RG pairs (Czuchaj [4] ) but, because of a large discrepancy with the "measured" ones, they seem to lie far beyond the experimental error. The large disagreement between the calculated and "measured" potentials indicates that the model potential used in the previous calculations was insufficient. In this context it was desirable to refine the model and to repeat the calculations. Such improved calculations have been carried out and the new potentials obtained match the existing experimental data fairly well.
In addition, the molecular electronic wavefunc tions obtained as a result of the diagonalization of the diatomic Hamiltonian have been exploited for calculating the absorption oscillator strengths of the Tl-RG pairs as a function of internuclear separa-0340-4811 / 84 / 0500-527 $ 01.3 0/0. -Please order a reprint rather than making your own copy. tion. These have been calculated for the transitions from the molecular states associated with the 62P|/2, 6 2P.v2 and 72S|/2 states of thallium to all remaining excited states of the diatomic involved in the calculations.
The Baylis method along with the modifications made in the present calculations is outlined in the following section. The details of the calculations are described in Section 3. Section 4 is devoted to the oscillator strengths. The results obtained are dis cussed in Sect. 5. while the conclusions are given in the last section.
Method of Calculations
Great advantages in calculating the potential energy curves of diatomic systems were achieved by using model potentials for the electronic interaction. A basic disadvantage is, however, that the error in such calculations is always difficult to be estimated. In the previous calculations and the present ones the model potential proposed by Baylis (Baylis [5] ) is used to calculate interatomic potentials for the thallium-RG pairs. In this model the electronic interaction between the thallium atom and a RGatom is represented by three terms V{r, R) = W(R) + G(r. R) + F(r. R) ,
where r and R are, respectively, the position vectors of the Tl-valence electron and of the rare gas atom nucleus relative to the thallium nucleus. W{R) is here the pseudointeraction of the thallium core with the rare gas atom, which in an electron gas treat ment of the atoms can be put in the form
where or(r) and Qb(i-') are the radial electronic charge densities of the thallium core and the rare gas atom, respectively, /•' = R -r and me is the electronic mass. Similarly, the term G(r. R) which represents the pseudointeraction("Pauli repulsion") of the thallium valence electron with the rare gas atom can be expressed in terms of the radial electronic charge density of the rare gas atom oB(/-') as follows tr G(r. R) = -^ [3 rr £>b(/-')]2/3 • 2 mP
The third term in (1), i.e. F(r.R), is the electro static interaction between the atoms which is taken to be simply that of a polarizable dipole (the rare gas atom) in the field of the thallium valence electron plus the thallium core. In the original formulation of the method F{r. R) was assumed to be F(r.R) = --zße2 R for /•' ^ /'o and
for /•' < / o. Here 2b is the polarizability of the rare gas and r0 is an adjustable parameter ("radius" of the rare gas atom) which has to be determined for each atomic pair separately. Setting so the inter action between the atoms and defining the zero energy of the system when the two atoms are in the ground states and isolated, the Hamiltonian of the system can be written in the form He(r. R) = H0(r)+ V(r, R)
where H0(r) is the valence electron Hamiltonian of the free thallium atom. In order to obtain the inter atomic potentials of the thallium-RG system the Hamiltonian [6] is diagonalized in the basis of the Tl-valence electron wavefunctions. The basis func tions are taken in the (nls)//»^-representation, where the thallium wavefunction is a product of a radial part multiplied by a spin-orbit coupling function. The central problem of the calculations is to calculate the matrix elements of the model potential in the basis functions. This procedure is described in detail by Baylis [5] and by Pascale and Vandeplanque [6] and will not be repeated here. In general, the potential V(r. R) is expanded in terms of Legendre polynomials V{r,R)= X V{L) PL(cos ,9) L = 0
where .9 is the angle between the vectors r and R and V(L){,\ R) are the moments of the multipole expansion. The corresponding angular integrals can be expressed by Clebsch-Gordan coefficients, but the radial matrix elements
should be integrated numerically. Here the /?/>'s stand for the radial wavefunctions of the thallium atom taken in the present calculations to be the Simons functions (Simons [7] ). The Simons func tions behave asymptotically like the Bates-Damgaard functions but at the origin they are finite. These radial orbitals are characterized by the quantum numbers n and / and by the quantum defect d of the thallium atom. They are normalized but not orthogonal. Finally, the matrix element of the Hamiltonian (6) can be expressed as Hik = EjSik + Vjk, where F, is the energy of the thallium atom in the (nls)jmf)~state (E,= Enij) and Sik = ((n/s) jmj (n' /' s) j ' m'j) = S/;/, "'/ <V Sj/ dm.m ' .
is the small overlap matrix which has to be taken into account in the calculations. Since the matrix Sik is regular, the problem reduces to solving the secular equation
for the adiabatic energies £^(R). Many improvements of the original Baylis method when applied to the alkali-RG systems were made by various authors (Pascale and Vandeplanque [6] , Czuchaj and Sienkiewicz [8] , Düren and Moritz [9] , Düren et al. [10] ). Although some of these improve ments were implemented in previous calculations of the adiabatic potentials of the thallium-RG pairs, the results obtained then proved to be far unsatis factory. A large discrepancy between the calculated and "measured" potentials seemed to indicate that the used model potential was insufficient.
First of all the potentials calculated previously were very strongly repulsive as compared to the ones determined by Cheron et al. [1] , Two terms of the model potential are responsible for repulsion between the atoms, namely G and W. The matrix elements of the pseudopotential G are mainly deter mined by the shape of the Tl-wavefunctions, while W depends strongly on the radial charge density distribution of the Tl-core electrons. The thallium atom is like an inverted alkali in that it has a split ground state (62P]/2 and 6 2P3/2) with a separation of 0.98 eV, whereas its first excited state (7 2Si/2) is at 3.28 eV. Moreover, unlike the alkalis the thallium atom possesses the outer closed subshell 6 s2. Its contribution to the interaction between the atoms seems to be of significant importance. In previous calculations the electronic density distribution for the thallium core was taken from Gombas and Szondy [11] , However, there are some indications suggesting that the Gombas densities are of little accuracy. For example, better agreement with the experiment was obtained when the adiabatic potentials for the alkali-RG pairs were calculated with the Gombas [12] electronic density distribu tions for the rare gases than with those taken from Gombas and Szondy [11] (comp. Pascale and Vandeplanque [6] ). Therefore, contrary to the previous calculations we have not taken the GombasSzondy distribution for the 6 s2 electrons. Instead, we have derived a new distribution which has been obtained with the Simon's orbitals for the 6 s state of the thallium ion TI III and via the variational principle for the ground-state energy of Till (twoelectron model). The variational procedure allowed us to obtain an effective charge seen by Till 6s electrons. In this way the corresponding Simon's orbitals have been corrected by introducing Zeff = 2.636 instead of Znet = 3.
Finally, the required distribution takes the form o(r) = 0.76852946 /-4052104 exp {-2.602106 r) (10) with the distribution maximum at r -1.557 a0, whereas the corresponding Gombas-Szondy dis tribution is given by the expression oG (/•) = 0.00910663 r1 exp {-2.03 r) (11) with the distribution maximum at r = 3.448 ciq. Both the distributions satisfy the normalization condition
The use of the new electronic density distribution for the TI 6 s2 subshell allowed us to obtain the interatomic potentials which are in reasonable agreement with the available experimental data. The remaining electronic charge density distribu tions concerning the TI atom and the rare gases have not been changed as compared to the previous calculations. On account of their compactness slight changes of respective distributions do not affect the model potential at intermediate and large inter nuclear separations. In order to show how the inter action between the atoms depends on the electronic density distribution of the TI 6 s2 electrons we demonstrate in Fig. 1 (10), 2) calculated with the Gombas-Szondy distribution for the 6 s2 electrons given by (11) .
calculated for TIXe with both the Gombas-Szondy distribution (11) and the new one given by (10) . Another improvement of the calculations, as compared to the previous ones, is the use of a larger number of basis functions. Previously, the basis included the Tl-states from the ground state to the 7 :D5/2 one, while now it contains all the Tl-states from the ground state 6 2P,/2 up to the 8:D5/2 state. However, the larger number of the basis states is of minor importance in obtaining the present potentials. It assures only higher stability of the molecular terms.
Adiabatic potentials
The adiabatic potentials of a thallium-RG pair are obtained by solving the secular equation (9) . The matrix EiÖik + (S-1 V)ik is non-symmetric. Its off-diagonal elements are by three or more orders of magnitude smaller than the diagonal ones. More over. elements (S_l V)ik and (S-1 V)ki do not differ considerably from each other. This urged us to replace the matrix Ei dikJr (S-1 V)ik by a symmetric one. the off-diagonal elements of which have simply been taken as [(S-1 V)ik + (S~] V)ki]/2. In view of the present semiempirical calculations such an approximation seems quite justified. As the result we could use the Jacobi procedure to diagonalize the molecular matrix and. in consequence, to obtain the adiabatic potentials of the systems under con sideration. The matrix elements Vik have been calculated using the Simons wavefunctions for the thallium atom. These are defined by the atomic energies of thallium which we have taken from the tables of Moore [ 13] , The other parameters necessary in the calculations are the polarizabilities of the rare gases, taken here from Dalgarno and Kingston [14] and the coefficients defining the electronic charge density distributions of the atoms. These are taken from Gombas [12] for the rare gases and from Gombas and Szondy [11] for the thallium atom except for the 6s2 subshell. The pseudointeraction term G has been calculated exactly as in the original work of Baylis, whereas the pseudopotential W{R) has been computed according to (2) including all the closed shells of the atoms. The radial integrals involved in the matrix elements (/;/ F {i)(r, R) « '/') were computed in the whole range of variation of the variable r.
The adjustable parameter r0 defining the "radius" of a rare gas atom (as required by the original Baylis' method) could not, however, be determined in the manner as it was done for the alkali-RG pairs. For an alkali-RG system r0 was determined by fitting the well-depth of the calculated groundstate potential of the diatomic to that known from the scattering experiment. Unfortunately, there are no scattering data or other theoretical potentials for the Tl-RG systems which could be used for this purpose. What seems to be the most reliable for the Tl-RG diatomics is the well-depth of the B21 1/2 potential, originating in the TI (72S1/2) state, as determined by Cheron et al. [1] from continuum emission intensities on the extreme wings of the TI resonance lines in the presence of noble gas perturbers. By fitting the calculated well-depth of the (1/2)72S1/2 potential to that of the Cheron et al. potential we could determine the values of /-o for the TIAr. TIKr and TIXe pairs which are compiled in Table 1 . Unfortunately, this procedure fails com pletely for TIHe and TINe. as it did already in the case of the alkali atoms (comp. Düren and Moritz [9] ). This fact confirms once more the weakness of the model for these particular systems. The electronic absorption oscillator strength at the internuclear separation R for a transition in a thallium-rare gas system from a lower molecular state described by the wavefunction R) t0 an upper molecular state described by the wavefunc tion Tr wi^ R) is defined by 2me( € r a '( R ) -e r o (R)) .fro. rs)'(R) -' 3 h2e2g,
MM'ß where
is the //-spherical component of the transition dipole moment of the system, er o(R) and er n (R) are the adiabatic potential energies of the two states; M is the value of the projection of the total angular momentum of the system onto the internuclear axis taken as the quantization axis; F is the set of thallium quantum numbers which along with M specify the molecular state of the diatomic in the separated atom limit; gt is the statistical weight factor for the lower molecular state and Q = M . The other symbols have their usual meaning. The dipole moment induced in the rare gas atom by the valence electron and by the core of the thallium atom has been included in the present pseudopotential model for the calculations of the adiabatic potentials and molecular electronic wavefunctions. Due to that the potentials behave correctly as R~6 at large internuclear distances. However, both these local field corrections and the effect of core polar ization have not been included in the dipole transi tion moment itself. In view of limited accuracy of the present model potential calculations we thought the above corrections to the Tl-RG dipole moment as of minor importance.
Finally, we take the dipole moment of the di atomic system simply as D --e r .
Its //-spherical component Dfl = -erM , where rM is defined as aoes:
Here ,\\ y and r are the components of the vector r with r taken along the internuclear axis. The molec ular electronic wavefunctions of the diatomic are expressed as a linear combination of the basis func tions (pyM{r).
where y= {nlsj) and M specify the yM) basis state. The expansion coefficients tend asymptotically to the Kronecker delta Cr$ (/? -> • oo) = <5(F, y). From (13) and (15) it follows that the molecular electric dipole moment can be expressed in terms of the atomic dipole moments dyM, y'm' = -e j <P*M(r) I' m (Py'M' (?) dr (16) which, in turn, can easily be calculated with the Simons' radial wavefunctions. For the atomic dipole moments the well-known selection rules hold. For transitions between states of the diatomic system, the only selection rule which still holds is AM = 0. ± 1. In the present calculations the transitions from the molecular states associated with the 6 2PI/2, 62P3/2 and 72Si/2 atomic states of thallium to all the upper molecular states are considered. That means that the oscillator strengths have been calculated for the molecular transitions which are associated with both the allowed (S-P, P -D ) and forbidden (P -P , S-S, S-D ) atomic transitions in the thallium atom.
Results and Discussion
The present calculations in their final stage required only the diagonalization of the effective molecular Hamiltonian as described in Section 3. The diagonalization has been performed on the ICL S4-70 computer at ZIPO in Gdansk. For obvious reasons it is impossible to present here all the results obtained. They will be published as preprint of our Institute and will be available upon request [15] . In this paper only some of the results are demonstrated and commented on. The inter atomic potentials have been calculated for inter nuclear distances varying from 4 au up to 50 au with diffeent step sizes. The four lowest potentials for TIAr. TIKr and TIXe are shown in Figs. 2 -4 . respectively. They are also compared to the cor responding potentials determined by Cheron et al. [1] , All the potential energy curves tend asymp totically to the corresponding TI terms which are marked on the right-hand side of each figure. With R (au decreasing internuclear separation the potentials exhibit some minima. The minima of the groundstate potentials for TIXe and TIKr nearly cover the minima of the Cheron's potentials although, in order to determine the value of the parameter r0 we fitted only the well-depths of the potentials as sociated with the 72Si/2 thallium state. As is seen, the minima of the latter potentials are only shifted from each other by about 0.5 ao. In general, the calculated potentials are less repulsive than the "measured" ones. The worst agreement is obtained for TIAr in accord with the finding that the Baylis model applies better to heavier atoms. Our potentials prove also to be much more attractive than the "measured" potentials at larger internuclear separa tions. The largest discrepancy between the calculated and "measured" potentials is found for that asso ciated with the 62Py: thallium term. Whereas the "measured" (l/2)62P3/2 potential is the most repulsive and the (3/2)6 2P3/2 one is the most attractive, the proper calculated potentials exhibit nearly the same shape. Their minima are only shifted from each other by about 1 ciq. Thus the potential (l/2)62P3/2 becomes more repulsive than the (3/2)6 2P3/2 one, although the difference between them is not so distinct as for the "mea sured" potentials.
From a more detailed analysis of the calculations it results that the molecular terms (3/2)6 2P3/2 and (l/2)62P3/2 differ from each other chiefly by a contribution arising from the diagonal matrix ele ment <61(/ = 3/2) (Gi2) + Fi2)) 61 (/= 3/2)) (comp, also (1) and (7)), which adds to the (3/2)62P3/2 potential with a factor of -1/5 and to the potential (l/2)6:P3/2 with a factor of 1/5. The matrix element itself depends rather strongly on R. In the inter mediate range of internuclear separations it is negative, whereas at small values of R it becomes positive. In consequence the potential (3/2)6 2P3/2 lies considerably below the potential (l/2 )6 :P3/2 at small values of R, but with increasing internuclear separation the difference between the potentials decreases and at still larger values of R changes sign. This is seen in Figures 2-4 . Figure 5 displays the potential curves for TIXe which are associated with upper thallium terms. As is seen, the potential (l/2 )7 2P1/2 exhibits extremely large bonding with a well-depth of 3573 cm-1 at Rm = 6.25 c/o. All the remaining potentials are con siderably shallower, some of them exhibit also structure. The proper potentials for TIKr and TIAr have a similar character to that of TIXe and they are not presented in this paper. In Table 2 we have compiled the potential well parameters em and Rm for the ground-and first three excited states of thallium-heavy noble gas pairs. From the behaviour of the calculated potentials at large internuclear separations, where the van der Waals attraction predominates, we have also estimated the van der Waals C6 constants. These are compiled in Table 3 . Table 2 . Potential well parameters £m(cirr') and Rm(a0) of the ground state and the first three excited states of thallium-noble gas systems. 
where r is the mean relative velocity of the atoms (comp. Sobelman [16] ). The calculated y and A coefficients are compiled in Table 4 , where they are also compared to the ones determined from the experiment by Cheron et al. [3] . As is seen the agreement is fairly good. For the TIXe mixture both Cheron et al. [1] and Schlie et al. [2] have observed very strong emission bands centered at approximately 4300 and 6000 A situated on the red side of the thallium atomic lines at 3776A (72S1/2-6 2P1/2) and 5350Ä (72S1/2-6 2P3/2), respectively. These two bands are interpreted as appearing due to the molecular transitions from the (1/2)7 S x/2 state of TIXe to the two molecular terms (1/2)6 2P1/2 and (3/2)6 2P3/2, respectively. Our calculations confirm such an interpretation. Indeed, the transition from the minimum of the (1/2)7 2S |/2 potential at R = 6a0 to the ground state (l/2 )6 2Pi/2 results in the radiation at 4244 A. whereas transi tions from the vicinity of the potential minimum give rise to an emission band extended from 4088 A (at R = 6.25a0) to 4466 A (at R = 5 J 5 a 0). The observed emission band at 4300 A lies completely in this range. Similarly, the transition from the poten- Table 4 . Absorption oscillator strengths as a function of internuclear separation calculated for TIXe: 1) (1 /2)6 P]/2-(1 /2)6 P3/2-transition, 2) (1 /2)6P1 X , -(3/2)6 P3/2-transition, 3) (1 /2)6 P1/2-(1 /2)7 S 1/2-transition, 4) (1 /2)6P,/2-(1 /2)6D3/2-transition, 5) (1 /2)6 P,/2-(1 /2)6 D5/^-transition, 6) (1 / 2 ) 6 (3/2)6D3/,-transition, 7) (1 /2)6P,,,-(3/2)6D5/2-transition.
Figures 6-8. These concern only the molecular transitions originating in the parent states 6 2P|/2 and 62P3/2 of the thallium atom. For the molecular oscillator strengths the material for any comparison is rather poor. We only find that the oscillator strengths for the molecular transitions associated with allowed atomic transitions tend asymptotically to finite values, while at small and intermediate internuclear distances they weakly depend on R. Their asymptotic values roughly approximate the corresponding atomic oscillator strengths of the thallium atom, although some of them are in very good agreement with the experimental values (see Table 5 ). This confirms also the validity of the use of the Simons functions as the basis functions in the present calculations. The Simons functions enable one to allow for the contribution to the transition dipole moment from small distances of the TI valence electron which, in turn, is entirely neglected in the Coulomb appoximation (see also Bardsley and Norcross [17] ). As to the oscillator strengths for molecular transitions associated with the forbidden atomic transitions in thallium we find that they asymptotically tend to zero as it should be. However, as R decreases, different basis states contribute to the molecular state. This mixing of the basis states becomes more important at small and intermediate internuclear distances. Due to the mixing of the basis states with various values of the orbital angular momentum of the thallium atom forbidden atomic transitions become "allowed" molecular transitions and the corresponding oscil lator strengths reach quite large values. We also notice that several of the oscillator strengths exhibit sharp minima at some values of R. These are associated with an oscillatory character of the ex pansion coefficients C(R). They are simply con nected with the nodes in the expansion coefficients which most contribute to the molecular states in volved in the transition.
Conclusions
Baylis' model potential method has been adapted to calculate the adiabatic potentials and oscillator strengths as a function of internuclear separation for the thallium-heavy RG systems. The calculated potentials have been compared with the potentials Table 5 . Absorption oscillator strengths for some transitions of thallium.
Transition
Present calculation Relativistic calculation [17] Coulomb approximation [19] Experimental value [19] 62P,/2-7;S1/2 0. Agreement between the theoretical and experi mental potentials seems to be fairly good, especially for TIXe and TIKr. Some of the observed effects attributed to the Tl-RG excimers can be interpreted on the basis of the obtained potentials. By the modification of the model potential introduced in the present calculations the large discrepancy be tween the "measured" potentials and the ones calculated previously has been removed. The calcu lations show that the Baylis' model allows one to calculate adiabatic potentials also for systems other than alkali-rare gas. provided that suitable modi fications of the model are made.
